We measured the magnetic field distribution of a high T c bulk superconducting magnet (c-axis oriented EuBa 2 Cu 3 O y crystals) during the magnetization process using magnetic resonance imaging. Measurements were performed in the field cooling process from 100 to 50 K in a 4.74 T magnetic field and in the field reducing process from 4.74 to 0 T at 50 K. In field cooling; we observed a significant decrease in the gradient coil efficiencies caused by the Meissner effect. Analysis of the trapped field suggested the presence of temperature gradients; microcracks; and inhomogeneity in the bulk crystals.
Introduction
A high critical temperature (T c ) superconducting (HTS) bulk magnet is a novel magnet for nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) [1, 2] . The bulk magnet acts like a permanent magnet by trapping an external magnetic field and can produce a strong (up to about 17 T) [3] and stable magnetic field like a conventional superconducting magnet (SCM) without a large installation space, because the cryostat structure is very simple.
In 2007, Nakamura et al. reported a bulk magnet using annular bulk superconductors (Sm-Ba-Cu-O) energized at 3 T and achieved magnetic field homogeneity of 2400 ppm (peak-to-peak: PP) in the £1.2 mm Â 5.0 mm cylindrical region [1] . They observed the first NMR spectrum of 1 H using the bulk superconducting magnet. In 2010, Ogawa et al. developed the first MRI system using an HTS bulk magnet made of c-axis oriented single-domain Eu-BaCu-O crystals [2, 4] . They achieved magnetic field homogeneity of 37 ppm PP with first order shimming, which is performed by adjusting the offset current for the three axes gradient coil, in the £6.2 mm Â 9.1 mm cylindrical region and acquired a clear three dimensional (3D) MR image of a chemically fixed mouse fetus. Although they succeeded in the first NMR and MRI experiments using the bulk superconducting magnets, we have found that the magnetic field distribution of the bulk magnet is not reproducible and depends on its magnetization process. In this study, we quantitatively evaluated the magnetization process of the bulk magnet by measuring its 3D magnetic field distribution using an MRI based method to obtain information that would be useful for developments of high-quality bulk superconducting magnets.
Material and methods
The MRI system we used consists of a superconducting bulk magnet, a 3-axis gradient coil set, an 8 mm diameter saddle shaped RF coil, and an MRI console as shown in Fig. 1 . The bulk magnet comprised six annular superconductors (60 mm outer diameter (OD), 28 mm inner diameter (ID), 20 mm high, T c = 93 K) made of c-axis oriented single-domain EuBa 2 Cu 3 O y crystals containing 20 wt.% Ag [5] . The bulk superconductors were reinforced with 5 mm thick aluminum rings to protect them from the cracking [6, 7] caused by the huge electromagnetic hoop stress.
The bulk magnet was installed in a cryostat with a room temperature (RT) bore diameter of 23 mm. The bulk magnet was cooled with a pulse tube refrigerator through the cold head placed in the vacuum chamber of the cryostat. The temperature T b of the bulk magnet was monitored and controlled using a Pt resistor sensor and an electric heater attached to the cold head.
The gradient coil set was wound on an acrylic pipe with OD of 16.8 mm and an ID of 14.8 mm using a 0. The gradient set and the RF probe were inserted into the RT bore of the bulk magnet and connected to the MRI console (MRTechnology, Tsukuba, Japan). The bulk magnet was magnetized by a field cooling method to achieve a homogeneous magnetic field for NMR/MRI as follows.
First, the bulk magnet was cooled down to 100 K using the refrigerator in a constant external magnetic field B e (field strength = 4.74 T, proton resonance frequency = 202.17 MHz) produced by a conventional SCM (JRTC-300/89, JASTEC, Kobe, Japan). Then, B e was homogenized by using superconducting shimming. After the temperature of the bulk magnet stabilized, the bulk magnet was cooled down to 50 K while the spatial distribution of the magnetic field B z of the bulk magnet was measured at temperatures of 100, 93, 84, 70, 60, and 50 K. Then, B e was reduced down to 0 T at the rate of 24 mT per minute while the spatial distribution of B z was measured at B e of 4.74, 4.0, 3.0, 2.0, 1.0, and 0 T. Finally, the bulk magnet was removed from the RT bore of the conventional superconducting magnet carefully after being cooled down to 40 K to stabilize the trapped magnetic flux.
The spatial distribution of B z was measured using CuSO 4 -doped water in an 8 mm diameter NMR sample tube and a phase-shift method based on 3D spin echo imaging sequences (TR/ TE = 100 ms/20 ms, field of view = 12.8 mm 3 , matrix size = 64 3 ). The homogeneity of B z was evaluated in the central £6 mm Â 6 mm cylindrical area. The spatial distribution of B z was approximated by a linear combination of spherical harmonic functions T nm up to the second order as
where n is order, m is degree, P nm is the associated Legendre function, and r nm is the phase corresponding to n and m in polar coordinate (r, h, /).
The efficiencies of the gradient coils, defined by the gradient field strength per unit current, were calculated using the numbers of pixels for the length (along z) and diameters (along x and y) of the CuSO 4 doped water of the 3D spin echo images. Fig. 2 shows the inhomogeneity in B z and the resonance frequency (MHz) plotted against the temperature T b of the bulk magnet during the cooling process. The inhomogeneity varied around 10 ppm, and this variation was not reproducible among repeated experiments. On the other hand, the resonance frequency increased with decreasing T b , and this variation was reproducible among repeated experiments. At present, the origin of the resonance frequency increase is unknown. Fig. 3 shows MR images acquired using an identical pulse sequence at T b of 100 and 70 K, which demonstrated that efficiencies of the gradient coils decreased when the bulk magnet was cooled down to below T c . Fig. 4 shows efficiencies of the gradient coils plotted against T b , clearly showing that the magnetic field gradients were reduced by the shielding currents induced in the bulk superconducting material because the magnetic flux generated by the gradient coils was expelled according to the Meissner effect. To our knowledge, this phenomenon is the first observation for gradient coils used in MRI. In order to avoid this undesirable effect, Fig. 1 . The MRI system consisting of an MRI console and a superconducting bulk magnet. A 3-axis gradient coil set and an 8 mm diameter saddle shaped RF were inserted in the RT bore of the bulk magnet. An 8 mm diameter NMR sample tube with CuSO 4 -doped water was set in the RF coil. Fig. 2 . Inhomogeneity of the B z (PP) and the resonance frequency (MHz) plotted against T b during the cooling process.
Results and discussion
shield coils [8] , which eliminate the magnetic field outside gradient coils, will be required. Fig. 5 shows the inhomogeneity of B z and the resonance frequency (MHz) plotted against the external magnetic field B e . The proton resonance frequency of the bulk magnet slightly decreased with decreasing B e , and finally became almost equal to the initial value of the conventional superconducting magnet. The inhomogeneity of B z linearly increased. Fig. 7 shows the magnitude of the magnetic field components corresponding to T nm . The magnitude of the component was defined as the PP value of the spatial function corresponding to the component. The components corresponding to T 1À1 , T 10 , T 21 , and T 2À1 varied considerably with decreasing B e , although variations of other components were not significant. Higher-order components, such as third-and fourth-order components, were not significant because the root mean square error of the measured distribution was less than 3 ppm.
Several origins were considered for the inhomogeneity of the trapped magnetic field.
The first is the inhomogeneous temperature distribution of the bulk magnet. As described in the previous section, the bulk magnet was cooled with the cold head located just below the magnet and the bulk magnet is long (120 mm) in the vertical direction. Therefore, the vertical temperature gradient cannot be neglected, which may affect the magnetic field trapping property of the bulk magnet [9, 10] and produce vertical components of the inhomogeneity. It is essential to improve thermal conductivity by using a sophisticated cooling technique such as the alloy impregnation [3] .
The second is the presence of microcracks in the bulk material. When we repeated the field cooling experiments several times, we observed some irreversible or unrecoverable degradation in the homogeneity of the trapped magnetic field. Therefore, we considered that this degradation may be attributed to some irreversible damage of the bulk crystals because the bulk material was subject to very huge hoop stress in the large magnetic field. In regard to this, decreasing the reducing rate of B e is one of the solutions although it consume more process time.
The third is inhomogeneity in the bulk material itself. The bulk crystals were carefully grown in a furnace for several months to achieve uniform property over the crystals. However, some uncontrollable conditions (e.g. gravity) may produce some variations among or over the crystals. The variations among the bulk crystals may be confirmed by changing the relative location of the crystals and repeating the field cooling experiments, but possible damage of the crystals may make this difficult.
The fourth is the limitation of the computer simulation used to design the bulk material. The odd-order (1st, 3rd, etc.) inhomogeneity along the z direction was not caused by the limitation of the computer simulation; however, the even-order (2nd, 4th, etc.) inhomogeneity along the z direction might have been caused by insufficiency of the computer simulation.
At present, we could not identify the origin of the inhomogeneity of the trapped magnetic field. However, because we have developed a very powerful method of measuring the magnetic field distribution of the bulk magnet, we believe that a more homogeneous magnetic field will be obtained in future. 
Conclusions
In this study, we measured the magnetic field distribution in a bulk magnet in both the field cooling process in the constant external magnetic field (4.74 T) and in the reducing external field in the constant temperature (50 K). In the field-cooling experiments, we observed for the first time a significant decrease ($30%) of the efficiencies of the gradient coils caused by the Meissner effect. The trapped magnetic field was analyzed using spatial harmonic functions, which gave us useful information about the origins of the field inhomogeneity. In conclusion, our experimental results and a future computer simulation for the bulk magnet will develop a new instrumental design, a new magnetization protocol, and a new bulk magnet design to achieve a more homogeneous magnetic field for NMR and MRI.
